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Objectives 

The  objectives  of  this  project  remain  as  stated  in 
the  original  proposal 

Status  of  Effort 

The  following  is  the  final  report  of 
accomplishments  towards  the  goals  of  our  project  to 
synthesize,  characterize  and  investigate  the  nonlinear 
optical  (NLO)  properties  of  cofacial  porphyrin 
assemblies.  In  year  one  of  this  project,  we  generated 
a  number  of  porphyrin  precursors,  asymmetrically- 
substituted  porphyrins  and  their  metalloporphyrin 
complexes,  carried  out  preliminary  studies  on  the 
aggregate  structures,  and  built  some  of  the  laser-based 
instrumentation  needed  for  the  time-resolved  and 
NLO  spectroscopic  aspects  of  the  project. 

During  the  second  year,  we  made  strides  toward 
both  synthetic  and  spectroscopic  goals  of  the  project. 
We  synthesized  a  number  of  new  dimeric  and 
oligomeric  porphyrin  compounds.  We  carried  out 
initial  spectroscopic  characterization  of  the  ground 
and  triplet  excited  states  of  the  well-characterized 
dimeric  complexes.  The  spectroscopic  signatures  of 
the  dimers  have  been  compared  with  those  of  their 
monomeric  analogs  in  an  effort  to  understand  the 
electronic  effects  of  cofacial  aggregation.  A  simple 
and  inexpensive  spectrometer  was  developed  for  the 
determination  of  nonlinear  absorbance  response 
curves.  This  device  has  been  used  to  measure  the 
optical  limiting  curve  of  one  of  our  dimeric 
complexes.  A  major  limitation  in  this  work  was  the 
inability  to  obtain  large  amounts  of  the 
asymmetrically  substituted  porphyrin  ligands  required 
for  assembly  of  the  mutually-coordinated 
metalloporphyrin  oligomers. 

In  the  third  and  final  year,  we  were  compelled  to 
pour  efforts  into  optimizing  the  synthetic  protocols  for 
of  the  asymmetrically-substituted  porphyrin  ligands. 
Through  this  focused  effort,  we  made  incremental 
progress  in  increasing  the  yields.  Improved  yields 
notwithstanding,  the  spectroscopic  aspects  of  the 
project  were  still  limited  by  sample  availability. 

Accomplishments/New  Findings 

Ligands  &  Metal  Complexes 

We  have  obtained  compelling  evidence  that  the 


solution  structures  of  our  2-pyridyl-bridged  Mg(II) 
and  Zn(II)  complexes  are  dimeric  and  that  they  are  of 
the  partially  cofacial  edge-over-edge  type,  as 
illustrated  in  Figure  1.  The  dimers  are  stabilized  by 
mutual  coordination  of  their  coordinating  meso 
substituents.  The  evidence  for  this  structure  comes 
from  solution  NMR  spectra,  resonance  Raman  spectra 
and  exogenous  ligand  titrations.  The  proximity  of  the 
cofacial  porphyrin  rings  results  in  excitonic  coupling 
of  the  porphyrin  chromophores,  which  results  in  new 
states  that  are  accessible  via  optical  transitions.  The 
most  striking  effect  of  this  coupling  is  the  splitting  of 
the  porphyrin-based  B  band  (Sq-S,  Tt-Tl*  transition) 
into  two  bands  separated  by  >800  cm'' .  Although  we 
have  been  unable  to  grow  diffraction-quality  single 
crystals  for  solid-state  structural  determination,  the 
strong  intra-dimer  excitonic  coupling  suggests  small 
inter-planar  spacing  in  these  complexes  that  is  likely 
near  the  van  der  W^ls  contact  distance  for  cofacial 
aromatic  rings  (3.4  A). 

Early  studies  of  the  mutually-coordinated 
metalloporphyrins  such  as  the  one  shown  in  figure  1 
revealed  that,  while  the  2-pyridyl  group  is  capable  of 
coordinating  to  a  partner  metal  center  (Kj-lO'®),  the 
resulting  dimeric  complexes  are  easily  disaggregated 
by  aromatic  or  polar  solvents.  We  have  been  able  to 
increase  the  stabilities  of  these  complexes  by  putting 
5-membered  heterocyclic  ligands  at  the  meso 
positions  of  the  porphyrin.  These  include  2- 
imidazolyl  and  2-thiazolyl  moieties.  Metallation  of 
the  imidazolyl  and  thiazolyl  porphyrin  ligands  affords 
mutually  coordinated  complexes  with  dimeric  edge- 
over-edge  structures.  These  dimers  are  much  more 
stable  than  their  2-pyridyl  counterparts,  probably  due 


Figure  1.  Mutually-coordinated  magnesium  2-pyridylporphyrin. 
Each  porphyrin  contains  three  additional  /Mcso-4-alkylphenyl 
substituents,  which  have  been  omitted  to  clearly  show  the  edge- 
over-edge  structure. 
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to  increased  basicity  of  these  heterocycles  and  less 
imposition  of  steric  strain  upon  mutual  coordination 
to  the  5-membered  rings.  Their  stabilities  are 
sufficiently  large  that  they  are  difficult  to  determine 
accurately  because  of  the  low  concentrations  required 
to  dissociate  the  dimers.  Using  the  Zn(II)  complex  of 
the  2-imidazolyl  porphyrin,  we  were  able  to  estimate 
the  stability  using  fluorescence  anisotropy.  Stabilities 
of  these  dimers  are  about  two  orders  of  magnitude 
higher  than  their  2-pyridyl  counterparts.  Other 
potentially  coordinating  substituents  include  3-pyridyl 
2-imidazolyl,  2-thiazolyl  and  2-thiophenyl  groups. 
We  are  currently  devising  an  emission  method  to 
determine  their  stabilities  using  dilute  solutions. 

Metallation  of  the  3-pyridylporphyrin  ligand  with 
Zn(II)  yielded  a  virtually  intractable  solid.  We  have 
obtained  UV-visible  absorbance  spectra  from  very 
dilute  solutions,  which  suggest  that  there  is  some 
excitonic  interaction  between  porphyrin  rings.  This, 
along  with  the  low  solubility  of  the  complex,  is 
consistent  vdth  a  partially  cofacial  oligomeric  solution 
structure. 

We  have  also  characterized  a  Mn(in)  dimer  and 
heterometallic  Mg(II)/Zn(II)  and  Mn(III)/Zn(II) 
dimers.  Chemical  and  spectroscopic  evidence 
suggests  that  all  of  these  complexes  have  the  same 
structural  motif  as  the  Zuj  and  Mg2  dimers.  The 
Mn(III)/Zn(II)  dimer  is  unique  in  having  diamagnetic 
and  paramagnetic  halves.  We  synthesized  this 
complex  with  the  goal  of  using  'H-  and  ^H-NMR 
spectroscopy  to  probe  spin  delocalization  from  the 
paramagnetic  Mn(III)  half  to  the  diamagnetic  Zn(n) 
half.  Current  evidence  suggests  either  direct  spin 
delocalization  between  the  porphyrin  Tl  systems  or, 
more  likely,  a  mechanism  involving  direct  interaction 
of  orbitals  of  one  porphyrin  and  a  porphyrin  Tl 
orbital  of  its  partner.  The  goal  of  these  experiments  is 
to  gain  a  fundamental  imderstanding  of  this 
delocalization  that  will  support  synthetic  strategies  for 
controlling  intra-dimer  polarization  by  an  optical 
electric  field. 

Metalloporphyrins  containing  meso-2-pyrrolyl  and 
meso-2-thiophenyl  groups  showed  no  detectable 
evidence  of  mutual  coordination. 
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Tt*  absorptions  of  our  mutually  coordinated  Mg  (II) 
and  Zn(II)  2-pyridylporphyrins  are  red-shifted  by  25 
to  35  nm  relative  to  their  4-coordinate  monomers  and 
10  to  15  nm  relative  to  their  monomeric  pyridine 
complexes.  This  shift  results  in  an  increased  overlap 
of  the  strong  triplet  absorption  with  the  weak  ground 
state  absorption  at  532  nm. 


Figure  2.  AA  spectrum  showing  of  the  triplet  ir-U* 

transition  for  a  [Zn(PyP)]2  in  toluene.  This  transition  is  red 
shifted  from  its  monomeric  analogues. 

Consequently,  we  made  initial  optical  limiting 
measurements  with  these  complexes  at  532  nm. 
Figure  2  shows  the  results  of  these  measurements. 
The  threshold  laser  fluence  for  nonlinear  absorption  is 
approximately  the  same  as  that  for  a  number  of 
metallophthalocyanines,  in  spite  of  the  fact  that 
dimeric  structure  substantially  diminishes  their  singlet 
excited  state  lifetimes.  The  dimer  solutions  are, 
however,  quite  sensitive  to  Oj  under  strong  laser 
illumination.  This  result  will  soon  be  submitted  for 
publication  with  acknowledgment  of  support  by  this 
grant. 
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Excited-State  Absorption  Spectra  &  Optical  Limiting 
We  have  now  established  that  the  visible  triplet  71- 
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Fluence  (J.cm ) 

Figure  3.  Transmittance  vs.  laser  fluence  at  532  nm  for 
[Zn(TMPyP)]2  in  toluene. 

Resonance  Raman  Spectra 

We  have  recorded  resonance  Raman  (rR)  spectra  of 
mutually-coordinated  2-pyridyl-  and  2-imidazolyl 
porphyrin  dimers  containing  Zn  and  Mg  centers. 
Spectra  were  recorded  using  excitation  in  each  exciton 
band  in  the  blue  and  violet  regions  of  the  visible 
spectrum.  We  have  assigned  the  Zn-Py  stretching 
vibration  in  monomeric  Zn(TPP)Py  at  159  cm"'  using 
deuterated  pyridine. 


The  Zn-Py  stretching  band  is  replaced  by  three  lower- 
frequency  bands  in  spectra  of  the  mutually- 
coordinated  dimer. 


_  Wjnm; 
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Figure  5.  Resonance  Raman  spectra  of  the  illustrated  Zn(II) 
porphyrin  complexes  excited  at  413.1  and  441.6  nm.  Three 
meso-4-alkylphenyl  groups  have  been  omitted  from  the  structures 
for  clarity.  The  Vz„.py  band  in  the  monomer  spectra  is  replaced  by 
three  Zn-Py  deformation  bands  in  the  dimer  spectra. 

These  bands  are  assigned  to  the  Zn-Py  deformation 
modes  of  the  dimer.  There  should  be  six  such  modes, 
but  since  the  dimer  is  centrosymmetric,  only  three  of 
the  six  are  expected  to  be  Raman  allowed.  They  are 
illustrated  in  Figure  5.  Three  rR  bands  are  observed 
at  similar  frequencies  for  the  meso-2-imidazolyl 
analogue. 


Raman  Shift  (cm’*) 


Figure  4.  Resonance  Raman  spectra  of  Zn(TPP)Py  showing  the 
Py-^/j  isotope  shift  allowing  assignment  of  the  Zn-Py  stretching 
vibration. 
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Figure  6.  Qualitative  illustration  of  the  eigenvectors  for  the 
three  Raman-active  Zn-Py  deformation  modes  in  the  mutually- 
coordinated  dimer  corresponding  to  the  top  tv^o  spectra  in  figure 
4. 

We  propose  that  the  three  lowest-frequency  bands  in 
the  rR  spectra  of  the  dimer  (Figure  4)  correspond  to 
these  three  vibrational  modes.  These  results  will  soon 
be  submitted  for  publication  with  acknowledgment  of 
support  by  this  grant. 

Potential  Air  Force  Applications 

Our  dimeric  compounds  hold  promise  as 
chromophores  for  optical  limiting  materials. 
Materials  incorporating  chromophores  of  this  type 
could  be  useful  in  protection  of  visible  imaging 
sensors  and  human  eyes  against  the  second  harmonic 
emission  (532  nm)  from  Nd:  YAG  lasers. 
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